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IONIC LIQUIDS AND IONIC LIQUID ACIDS WITH HIGH TEIVIPERATURE 

STABILITY FOR FUEL CELL AND OTHER HIGH TEMPERATURE 
APPLICATIONS, METHOD OF MAKING AND CELL EMPLOYING SAME 

Statement of Government Funding 

5 Financial assistance for this invention was provided by tlie U.S. Govennneiit, 

Depai-tment of Energy, No. W7405-ENG-36 and National Science Foimdation Solid State 
chemistry Grant No. DMR-9 108028002. Thus the United States Government has ceitahi 
rights to this invention. 

Related Applications 

1 0 This application claims priority firom United States provisional patent applications 

Serial No. 60/467,796 filed May 1, 2003 entitled "Ionic Liquids and Ionic Liquid Acids with 
High Temperature Stability, for Fuel Cell and Other High Temperatui-e AppUcations" of 
Angell, Xu and Belieres, and Serial No. 60/501,626 filed September 8, 2003 having the same 
title and the same inventors. Both of the provisional appHcations are incorporated herein by 

15 reference. 

Background 

There is cmrently a great surge of activity in fuel cell research as laboratories across 
the world seek to take advantage of the energy capacity provided by fuel cells over those of 
other portable electrochemical power systems. Much of this activity is aimed at high 

20 temperatui-e fuel cells and a vital component of such fuel cells must be availability of a high 
temperature stable proton-permeable membrane. Many groups are exploring liigh 
temperatui-e stable polymers for use with systems containing non-volatile bases, e.g. 
imidizole which becomes the proton canier. It can be rendered immobile (though locally 
mobile) by attaching it to a polymer chain and then the proton alone caa pemieate (though 

25 immobihty is not essential for membrane function. 

Other approaches to the high temperature fiiel cell involve the use of smgle- 
component or ahiiost-smgle-componeut eiecholytes that provide a path for protons through 
the ceil. A heavily researched case is tlie phosphoric acid fuel cell in which the electrolyte is 
almost pure phosphoric acid and the cathode reaction produces water directly (whereas the 

30 cathode reaction in tlie Bacon cell produces OH" species). The phosphoric acid iuel cell 
delivers an open circuit voltage of 0.9V at ambient pressm'e falhng to about 0.7 under 
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Operating conditions at 170° C. The proton transport mechanism is mainly vehicular in 
character meaning that the protons are transported as an integral part of a protonated species 
rather tlian by a Grotthns type mechanism. 

The study of electrical conductance in ionic solutions goes hack to the earliest 
5 chapters of physical chemishy. It has been overwhehningly the study of aqueous solutions. 
The concepts of ionic dissociation and the battles fought to establish the reality of ions were 
based on observations made on aqueous solutions (1). 

The first ionic liquid IL (or ambient temperature molten salt ATMS) reported was 
ethylammonium nitrate inl914[16]. 

1 0 The more recent surge of interest in non-aqueous electrolyte systems (2, 3) has been 

di-iven, in pai't, by the quest for a rechai-geable lithium battery, hi tliis respect, the much 
lower conductivities characteristic of non-aqueous electrolytes has been a serious hurdle (3). 

The possibility of obtaining liquids with low vapor pressures by the proton transfer 
mechanism has been utiHzed in miUtary programs for some tune [29, 30] . In these 

1 5 applications tlie combination of oxidiziag aniora with reducmg cations in niobile liquids 
such as hydroxylammonium nitrate (HAN) )contaimng small, controlled amounts of water) 
malces possible tiie controlled redox energy release appropriate for artillery propellants. The 
ionic hquids fortned m these systems seem to have low viscosities, judging by military report 
data [30] for the partially hydi-ated practical fonnulations (that have been included in certaui 

20 journal publications [31] but no reports of viscosity or conductivity values for the anhydrous 
ionic hquids have been found. 

More recently ionic hquid media have been finding application in various syntlietic 
chemistry processes [32 - 35] but the great majority of such vaporless hquids have not been 
of the type described here. On the otlier hand, the proton h-ausfer from strong acid to base 

25 has been utilized recently as a general preparative technique for formation of ionic hquids. 
Examples reported have had in common tlie very wealdy basic anion 
bis(trifluoromethanesulfonyl)unide, TFSI [10, 36]. The relation between the protic and 
aprotic versions of the ionic liquid and mpaiticular the relation between their relative vapor 
pressures awaits systematic attention. 

30 When the firee energy change m the proton transfer process is large the proton may 

become so firmly localized on the Bronsted base that the Boltzmann probability of reforming 
an acid molecule becomes negUgible at ambient temperatm-es. hi some cases it remains 
negligible even at temperatixres as Mgh as 300K. The salt is then, by most measures, as true a 
salt as those called "aprotic" ionic hquids (e.g. those formed by -CHs'*' transfer rather than 
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proton transfer to the same site). One will see that in fact such liquids can be more ideally 
ionic than certain individual salts in wliich there are no such proton transfer sites and ia 
which, accordingly, the positive charge is located in the interior of the ion. 

One way of assessing the ionicity of ionic liquids is to use the classification diagram 

5 shown in Fig. CI [14, 37] wMch is based on the classical Walden rule [21]. The Walden rule 
relates the ionic mobilities (represented by the equivalent conductivity A ( A=F S jZj) to 
the fluidity of the medium through which the ions move. K the liquid can be well represented 
as an ensemble of independent ions then the Walden plot will correspond closely with the 
ideal line. Ideally, which means in the absence of any ion-ion interactions, the slope should 

10 be unity. The position of the ideal line is estabhshed using aqueous KCl solutions at high 
dilution. 

As argued elsewhere {14, 37, 38] a liquid system m which the ions aie luiifoimly 
distributed with respect to ions of the opposite charge develops a Madelmig energy 
comparable to that of the corresponding crystal. This is demonstrated by the absence of 
1 5 anything unusual about the heats and entropies of fusion of classical ionic systems as would 
be the case if the Madelung energy were lost on fiision. The vapor pressure of the "good" 
ionic liquid is then necessarily very low because the Madelung energy as well as the dipole- 
dipole interaction between ion pairs must be overcome before an ion pair can pass into the 
vapor state. 

20 Salts formed by proton transfers tliat are wealc will not form liquids with uniform 

charge distiibutions hence their Walden plots will fall below the ideal line and their vapor 
pressui-es will not be veiy low. In such cases, the boiling that must occur when the total 
vapor pressure reaches the external pressure will fall below decomposition temperatiues and 
the vapor will tend to contain molecular species rather than ion pairs. In this work the 

25 inventors provide experimental data on a number of binary, solvent-firee, Bionsted acid-base 
systems that will help test these notions. 

Not only does presentation of data in the Fig. CI fomi allow one to detect the 
existence of different forms of association of cations with anions, but it also sei-ves to display 
the presence of abnormally liigh mobilities of one or other of the charge-carrying species. 

30 Excess mobility on the part of protons is a classical subject, and mechanisms that permit its 
understanding date firom the original work of Grotthus, as invoiced by Bemal and Fowler 
[23]. Not so commonly discussed but phenomenologically indistinguishable is the excess 
conductivity which is found when species that ai-e much larger than protons can slip through 
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the structure via channels that present lower energy barriers tlian tlaose characterizing the 
viscous flow process. For Hiese flie motion is described by the "fractional Walden rule" 
K(fi° = constant where a<l. 

In the log-log plot of Fig. Cl, data for systems featuring this sort of "decoupling" [22] 
5 appear as straight line of slope , In the case of solutions of strong mineral acid in aqueous 
protic solvents this decoupling appears to commence at a higher fluidity than in the case of 
silver ions in liquid hahdes [39, 40]. In less well-laiown cases such as mineral acids in 
glycerol tlie depai-ture occurs at lower fluidities. There is need for additional empirical 
information on this decoupling phenomenon. The identification of conditions needed for 

1 0 decoupled proton motion in solvent-fiee systems is very desirable. 

The ability of solutions to carry current measured in Sem"\ increases with increasing 
ion concentration from the low and often immeasurable values of the pure solvent. However 
it always peaks at concentrations of the order IM (vs. ~5M for aqueous) (2) because the 
electrostatic interaction between the ions of opposite charge moderated by the dielectric 

1 5 constant of the solvent causes a counterbalancing decrease in the individual ionic mobilities. 
For this reason it is generally not expected that pure salts can be excellent conductors miless 
the temperature is raised to high values. The inventors show tliat tliis expectation is not valid 
and identify conditions under which tlie conductivity of solvent-free ionic liquids can be 
raised to aqueous solution levels. 

20 Summary 

In accordance wifli tliis invention ionic liquids with liigh temperature stability are 
provided as are fiiel cells formed using the same. This invention also provides the method of 
formation of ionically conducting liquids of tliis type that have conductivities of 
unprecedented magnitude for non-aqueous systems. Another aspect of tliis invention is the 

25 ability to store inorganic acids as di-anion salts of low volatility. The stability of the di-anion 
configiu'ation can play a role in the high performance of tlie non-con'osive proton-transfer 
ionic liquids as high temperature fuel cell electrolytes. Cell perfomaance data shows that the 
opening circuit voltage output and short circuit ciurent performance of simple 
H2(g)/electrolyte/02(g) fuel cell using the electrolytes of this invention may be superior to 

30 those of the equivalent phosphoric acid electrolyte fuel cell both at ambient temperature and 
temperatures up to and above 200°C. Both neutral proton transfer salts and the acid salts with 
HSO4' and H3PO4" anions give good results, the bisulphate case bemg particularly good at 
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low temperatm-es and very high temperatures. The performance of all of these electrolytes is 
remadcably improved by the addition of a small amount of involatile base of pKs value 
intermediate between those of the acid and base that malce up the bulk electrolyte. A 
preferred exemplary embodiment of the invention is an imidazole-doped ethylammonium 
5 hydrogensulfate, wliidi yields behavior superior in all respects to that of the industry standard 
phosphoric acid electrolyte. 

hi accordance witli one aspect of the invention, a different approach to high 
temperature transport of protons is provided. A vehicular mechanism of a different type in 
which the protons is carried by both anions and cations. Since neither anions nor cations can 

10 be deposited, the membrane is again effectively a proton-permeable membrane. In the most 
favorable case, the elecholyte is a stoichiometric substance and so it is not subject to 
polarization effects. Variants on the single component electi'olyte maybe subject to some 
polarization effects tliat must be mirdnxized by high diffusion rates m tlie electrolyte, hi any 
case, the polarization problem is not necessarily serious. It is encountered in all current 

1 5 lithium ion cells where it appears not to be a major problem. The caliiode reaction using our 
electrolyte is believed to be: 

2e-+2HA2-+l/202{g)=H20(g)+4A-, 
where A is an anion and the di-anion is hydrogen-bonded. However, tlie di-anion need not be 
fonnaUy present in high concentrations for the cathode process to occur because the di-anion 

20 is self-generated in the electrolyte as sliown below. During the process of power generation 
there must be a flux of di-anions through the cell. 

Because of the high temperature at which this cell is expected to operate, the water 
will be produced in the metastable liquid state and should unniediately distill off at the 
cathode by saturating the incoming oxygen and creating a gaseous diffusion gi-adient to the 

25 cell exterior. 

The proton-carrying liquids of this invention are stable against ebulhtion up to 200°C 
in a number of embodiments and to above 250'*C m others. The proton is available for 
chemical hansfer at rates that ai-e deraonsti-ated to be sufficient for application. Wliere 
necessary these may be enhanced by different catalytic approaches, Specific, prefeixed. 
30 enibodhnents of electrolytes and then acid variants are described below. The perfoimance of 
a simple hydrogen-oxygen &el cell embodiment utiHzing alternative examples of these higli 
temperature stable liquids as the cell elech'olyte is also described. 

For specific embodiments the mventors report data on the fiiel cells when studied 
under load. This test provides a more stringent assessment of performance liian do the 
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measurements of open circuit voltage (no load) and short cncuit current (no bias voltage) also 
described. The results of the latter, while very suggestive of the possibilities of a new 
system, can also be deceptive concerning the detailed perfonnance of cells. 

The tests of the cells under load depend on tlie availabihty of more sophisticated 
5 instrumentation, by means of which a bias voltage opposmg the cell voltage can be applied 
during measui'ement. hi this manner one can measure die output of the fuel cell wliile it is 
working under different loads, i.e. duiing flow of cunent rather than solely under open chcuit 
conditions. These data are presented in the form of cell voltage vs. cell current plots. The 
uistrument utilized in these measurements has been the Keifhley 23 Source Measure Unit. 

1 0 These measurements have been performed using two types of cells. One of these is 

the glass cell of simple design utilized in our initial experiments and described m Fig. 7. This 
cell has proven veiy useful in obtaining compai'ative perfonnance data in which the current 
produced under load in tlie well-studied phosphoric acid fuel cell can be compared with the 
current produced using the new electrolytes under physically very similar conditions. The 

1 5 only variable is the contact efficiency of the gases with the platinum whre elechodes which is 
sliglitly different for gases bubblmg tlurough Uquids of different viscosity. 

Because of tlie relatively small area of exposed platinum m experimental cells 
embodymg prefeixed exemplary electrolytes of tliis invention, the cun-ents flowing in these 
cells are small relative to those that must flow hi a practical cell, hi one proposed cell 

20 embodying the invention the electrode area is made enormously larger by using fine 

dispersions of platinum in electrodes of special design, optimized for phosphoric acid fuel 
cells. The inventors have also constructed a ceU of the "sandwich" type to utilize such 
elechodes with tlie new inventive electrolytes and present the resuUs herem. Because these 
electrodes have been developed over a long period in which they have been optimized for use 

25 with phosphoric acid electrolytes, it cannot be expected that the results will be of the same 
comparative value ui assessuag the possibiHties of cells utilizing the particular electrolytes of 
the current invention. For top performance tlie new electrolytes will need to be applied in 
concert with elechodes that have been optimized for the particular wetting and penetration 
properties of the new electrolytes. However some indication of possible high cun-ent 

30 perfonnance can be gained from fliese comparisons. Indeed, not withstanding the lack of 

optimization of any sort, performance almost at the level of the phosphoric acid cell has been 
obtained. 

Aspects of this uwention are remarkable. For example, the fuel cell of the uivention 
works extremely well using electrolytes fbat are neither acid nor base in character, but rather 
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are the neutral ionic liquids. The inventors disclose exemplary preferred embodiments in 
which this principle yields fuel cell performance superior in certain aspects to the common 
phosphoric acid fuel cell. Moreover, the inventors describe special additives to the neutral 
fuel cell electrolytes that remarkably increase the current that flows in the cell. 
5 Aqueous solutions are generally assumed to be superior electrolytic conductors, due 

to the unique dielectric and fluid properties of water. The inventors demonstrate that their 
conductivities can be matched by Hquid electrolytes that contain no solvent. These are proton 
transfer salts that are Hquid at ambient temperature. The higli conductivities are due to the 
high fluidity and ionicity rather than some sort of Grotthus mechanism, although in certain 

1 0 cases a mobile proton population may make a non-negligible co'ntribution. The Mghest 
conductivities have been obtained when both cations and anions contain protons. 25°C 
values of >150 mScm'^ appear possible: 470 mScm'^ at 100°C has been measured. Due to 
the combination of high ionicity and proton exchange Icinetics witli low vapor pressure the 
systems described also make excellent fuel cell electrolytes. 

1 5 The above and further features, advantages and obj ects of the invention will be better 

understood firom the following detailed description of preferred exemplary and non-luniting 
embodiments of the invention when talceii in consideration with the accompaiying drawings. 

Brief Description of the Drawings 

Fig. 1 is a DTA trace showiag thermal events in the heatuig of ethylammonium nitrate 
20 firom room temperature to above the boiling point; 

Fig. 2 plots elechical conductivity of etiiylarmnonium nitrate (BAN), 
dunethylammonimn nitrate (DMAN) and tlieii- mixture of eutectic composition compared 
with tlie highest conductivity ionic liquids reported to date (substances are identified in the 
glossary); 

25 Fig. 3 is a comparison of equivalent conductivity/fluidity relations for 

efliylammoniuin nitrate with those of other proton transfer electrolytes and one non-protic 
ionic liquid (MOENM2EBF4) using tlie Walden classification plot, the non-protic case being 
chosen for its unusually close confoimity witli the ideal Walden behavior (otlier substances 
are identified in the glossary); 

30 Fig. 4 is a comparison of the conductivities of a variety of the present proton transfer 

salts and shows the value at ambient temperature for ethylammonium formate EAFm being 
the same as that of the most highly conducting aprotic ionic Hquid on record, EMIBF4; 
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Fig. 5 is a plot of boiling point and otlier theimal transition temperatures against 
varying compositions in the acid/base system a -picoline 4- trifluoroacetic acid; 

Fig. 6 is a comparison of the conductivities of two of the liquids of the invention witli 
those for most highly conducting solution of lithium chloride, the most conducive of all 
5 laiown lithium salt solutions, the standard phosphoric acid iiiel cell electrolyte, and finally the 
conductivity of 4M aqueous H2SO4 which is the most highly conducting of the Icnown ionic 
conductors; 

Fig. 7 is a diagrammatic illustration of a U-cell for fiiel cell elect-olyte testing over 
wide temperature ranges; 
1 0 Fig. 8 (a) is the open circuit potential recorded when the electrolyte in the cell was the 

standard phosphoric acid (with 4wt% water), compared with performance when electrolyte is 
BAN, OMAN or MAN; 

Fig. 8 (b) is the short circuit current flowing in the cells that provides the open circuit 
potential of part (a); 

15 Fig. 9 (a) is a plot vs. temperature of the open circuit potential recorded when the 

electrolyte in the cell was the standard phosphoric acid (with 4wt% water) compared with 
perfoiTuance when electrolyte is ethylammoniuin dihydrogenphosphate or ethylammonium 
hydrogensulfate using die same hydrogen flow rates; 

Fig. 9 (b) is a plot vs. temperature of the short circuit current flowing in the cells tliat 

20 provides the open circuit potentials of part (a); 

Fig. 10 is aplot of ciuTent vs. temperature showing augmentation of the short circuit 
current flowing in the cell A when 4wt% of the involatile (wealc) base, imidazole, is added to 
die electrolyte BAN, comparison hemg made with cells contEiimng EAK and 96% H3PO4 as 
tlie electrolyte; 

25 Fig. 1 1 (a) is a plot of current vs. temperature showing augmentation of the short 

circuit current flowmg in the cell B when 4% of the involatile (weak) base, imidazole, is 
added to the electrolyte ethylammoniiun hydrogensulfate, comparison bemg made with 
perfoi-mance of the cell with the undoped electrolyte and with that of 96% H3PO4 as the 
electrolyte; 

30 Fig. 1 1 (b) is the open circuit potential vs. temperature recorded when the electrolyte 

m the cell was the standard phosphoric acid H3PO4 96%, compa-ed with performance when 
electrolyte is ethylammonium hydrogensulfate EAHSO4, and EAHS04 doped with 4wt% of 
the wealc base imidazole; 
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Fig. Al is a grapliical representation of the glass traiisitioii temperatures of protic ILs 
in relation to the plot for aprotic salts of weakly polarizable anions; 

Fig. A2 (a) is an Airhenius plot of flie fluidities of various protic and aprotic ionic 
liquids compared with other solutions noted; 
5 Fig. A2 (b) is a set of Arrhenius plots of the conductivities of protic and aprotic 

liquids compared with aqueous LiCl solutions; 

Fig. A3 (a) plots the relation of equivalent conductivity to fluidity for various protic 
and aprotic liquids; 

Fig. A3 (b) is a Tg-scaled Arrhenius plot to display the temperature dependence of the 
1 0 equivalent conductivity in relation to tlie temperature at wliich the fluidity reaches the glassy 
value of 10'" poise (10"^^ p for inorganic network glasses). 

Fig. A4 plots specific conductivities of dianioiiic protic ILs, normal protic ILs and 
further mixtures shown; 

Fig. B2 are electrical conductivities of substituted ammonixmi nitrates in Hquid and 
15 crystal states; 

Fig. B3 is a set of DTA up-scans for DMAN and MAN showmg relative strengths of 
sohd state and fusion phase transitions; 

Fig. B4 plots temperatiu-e dependence of ionic (protic) conductivity of NH4HF2 (Tmeit 
= IIS^C, compared with that of concentration aqueous LiCl solution with 6 mole H20/Li'^; 
20 Fig. B5 is aplot of I-V curves comparison of [EfNHaltNOs] (EAN) with 85% 

Phosphoric Acid at 1 00°C with bare platinum wire electrodes; 

Fig. B6 is a plot of I-V curves comparison of [Me2NH2][HF2] (DMAHF2) with 85% 
Phosphoric Acid with bai-e platuium wire electrodes; 

Fig, B7 (a) is an exploded cross-sectional view of a PTFE fuel cell; 
25 Fig. B7 (b) is a front elevation view of the cell of Fig. B7 (a); 

Fig. B8 is aplot of I-V cmves comparison of [Me2lSlH2][HF2] (DMAHF2) with 85% 
Phosphoric Acid at lOO^C on gas diffusion electrodes designed for Phosphoric Acid; 

Fig. B9 is aplot of I-V curves compaiison of [EtNHsJCNOs] (EAN) and 
[Me2lSIH2][HF3] witli 85% Phosphoric Acid at 100°C on gas difflrsion electrodes designed for 
30 Phosphoric Acid; 

Fig. B 1 0 is a plot of an I-V curve of [MeoNHjjpSfOs] CDMA]>r) at 25°C on gas 
diffusion electrodes designed for Phosphoric Acid; 

Fig. Clis a classification diagram for ionic liquids based on the classical Walden rale 
and deviations therefrom; 
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Fig. C2 is a set of differential tliermal analysis scans for characterization of glass 
temperature (Tg) devitrification temperature (Tc) and liquidns temperature (Ti) (left scan) and 
boiling temperature (Tb) (right scan; 

Fig, C3 plots, for the system a -picoline + trifluoro acetic acid, glass temperatures 
5 (open squai-es) devitrification temperatm-es (filled diamonds), liquidus temperatures or 
fi-eezing points (open triangles) and boiling points at 1 atm pressure (solid circles); 

Fig. C4 plots boiling points (see Fig. C3 description) in binary systems of the same 
base a -picoline with protic acids of different strengths as indicated by pKa values 
determined ui aqueous solutions (see legend); 
1 0 Fig. C5 is a plot of boiling point maxima in systems of strong base (n-propylamine) 

and different acids; 

Fig. C6 is an Arrhenius plot of specific conductivities of different proton ti"ansfer 
ionic liquids, and shows that the conductivity behavior contrasts sti'ongly with tlie viscosity 
behavior seen in the next figure; 
15 Fig. C7 is an Arrhenius plot of the viscocities of the ionic liquids of Fig. C5 showing 

that the IL formed firom tlie strongest acid is much the most viscous 

Fig. C8 plots the coiTelation of flie excess boiling point (determined at the 1:1 
composition) with the difference in aqueous solution pKa values for the component Bronsted 
acids and bases of tlie respective ionic liquids; 
20 Fig. C9 is a set of "Walden plots for the various ionic liquids obtained b in this work as 

indicated in the legend, the vertical line, at log(l/7) = 1 being used to define the deviations 
from "ideal" Walden behavior used to construct the next figure; 

Fig. CIO grapliically illustrates deviations from the "ideal" Walden behavior for ionic 
liquids plotted against A pKa values for the component Bronsted acids and bases of the 
25 respective ionic liquids; 

Fig. Cll is a graphical illustration of the poor correlation of glass ti'ansition 
temperatiues Tg witii the A pKa values for the acid base combination; 

Fig. C12 is a diagrammatic illustration of the firee energy levels G for protons on acid 
conjugate base pairs following Gumey; and 
30 Fig. C13 is a set of plots of conductivity isotherms for binary solutions of tiie two 

acid-base pairs showing conductivity minima at the stoichiometric compositions at which the 
glass temperatures maximize (see Fig. C3), liigh conductivities having realized in acid and 
base-rich compositions until decreasing ionic concentrations become dominant. 
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Detailed Description 

The Electrolytes 

1 . Proton Transfer acid base systems 

la the "base electrolytes that are used for proof-of-concept purposes, the cation is 
5 formed by a proton transfer process. The transfer occurs from the acid HA to some base B. 
For instance, to form the ionic liquid (IL), ethylammonimn nitrade (EAN), ethylamine may 
be combined with HNO3 as was done by Walden in 1914 when he made the first ionic liquid. 
The inventors have been characterizing this and other proton transfer compounds tliat are low 
enough melting point either alone or in combination with other similar compounds to be 

10 liquid at room temperature. This is usually enough to ensure that they are easily supercooled 
mto the glassy state. Ethylammonium nitrate melts at 14°C. On the other hand the boiUng 
pomt which is set by the arrival of the combined vapor pressures of ethylamine andHNOa at 
the external pressure (1 atm for noixnal boiling) Hes at 240°C, far above that of either of the 
components. This is, of course, due to the enormous vapor pressme lowering caused by the 

1 5 large negative free energy of proton transfer from tlie acid to the base. A DTA trace is shown 
in Fig. 1 . The trace shows the onset of boiling at a temperature (240°C) that is predicted both 
by extrapolation of data obtauied on HMOs-rich solution and also by a correlation of boiling 
pomt elevations with pKa given below. However the endothermic boilmg process is 
accompanied by an exotliennic process of chemical decomposition (246°C) which rapidly 

20 becomes dominant. In fact the two probably commence shnuhaneously. 

The mobihties of the ions CaHsNHs"^ and NO3' are very high due to tlie low viscosity 
of the ionic Hquid (0.28 poise or 0.028 Pa's, at 25°C) and the elecfrical conductivity of the 
melt (20.8mScm'' at 25°C) is higher than that of most other ionic liquids. Data for this IL 
and some others of direct relevance are shown in Fig. 2. Data for many otiiers are shown 

25 below. 

The transport of the charge is mainly ionic ratlier tlian protonic because the ratio of 
equivalent conductivity to fluidity is typical of ionic liquids and solutions. This is shown in 
the Walden plot of Fig. 3 wliich is discussed ia much more detail below. When transport is 
assisted by the mdependent jumping of protons, as m aqueous mineral acids, the Walden plot 
30 hes above the ideal Hne and typically has a smaller slope. Some data for IM aqueous HCl 
are included m Fig. 3 by way of example. 

While the conductivity of efliylammonium nitrate is liigli, the conductivity of its 
isomeric form dimethylammonium nitrate, DMAN, is higher. TTie meltmg point of DMAN is 
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above room temperature, 72°C but its eutectic mixture with ethylammonium nitrate, in molar 
proportions 3:7, is lower (Te = -20°C) and this solution is slow to crystallize. Listead it 
supercools down to the glass temperature at -93°C. The conductivity of this eutectic mixture 
(27.8niScm"^ at 25°C) and also that of DMAN above its melting temperature are included in 
5 Fig. 2. 

All enonnous number of alternative proton transfer salts is available and many of 
them yield room temperature stable liquids. Of interest here are those with the highest 
conductivities. Some additional examples are sliown in Fig. 4. Some of die empirical rules 
governing the value to be expected for tlie conductivity of such liquids are discussed in 

10 separate publication. To be of interest for fliel cell purposes the conductivity of tlie 

elecfolyte at ambient temperature should be at least 10 mScm"^ and preferably should be 30 
mScm"^ or higher. (The conductivity of 96wt% phosphoric acid at ambient teraperatm-e is 
46.6 mScni'' and at 200°C is 0.51 Scm"^), This condition is met by BAN so the inventors' 
initial studies of hydrogen/oxygen fliel cell performance have been carried out using pure 

15 etiiylammordum nitrate of low water content. Follow-up studies have been made with 
DMAN and methylammonium nitrate MAN. A method of enhancing the conductivity to 
exceptional values for a hydrogen/oxygen foel cell (values that are greater than those 
accessible with the standaid high temperatiu'e fuel cell 96wt% H3PO4) are described below. 
Alternatively, the proton transfer salt BH'^A" may be replaced by a noii-protic ionic 

20 liquid B'A, where B' may, for instance, be a cation formed by capping an amine nitrogen with 
-CH3 iQstead of a proton to give tlie most popidar type of "ionic liquid" (IL) or "ambient 
temperature molten salt" (ATMS). However in tliis case a protic component must be formed 
by adding some excess acid. The aprotic cation is less mobile, the viscosity is higher and the 
conductivity is lower than in the cases we have been explomig on a preferential basis. 

25 2, Liquid electrolytes 

A series of high conductivity solvent-fi:ee ionic liquid electrolytes is presented in Fig, 
A4 which is taken from the report [54] incorporated herein by reference, Hiis work was 
stimulated by the article [13] which m turn was a development following the finds of [12]. 
Since the report [54 containing Fig. 1, the inventors have synthesized some ionic 

30 liquid relatives of [NH4][HF2] and found the compoimd ethylanmionium bifluoride 

[EtNH3][HF2] to be liquid at ambient temperature. The conductivity is fomid to be very liigh 
(8.6 mS/cm at 25°C) though not as high as had been anticipated. This liquid has been used as 
an electrolyte in the fuel cell work reported below. The synthesis was performed in aqueous 
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media by titi-atiiig the aqueous amine solutions with aqueous HF to Hie equivalence point 
followed by evaporation and drying at 12Q°C. 

The inventors found tliat the fluidities and attendant conductivities of protic Us tend to 
be much higher than those of aprotic Us for reasons tliat are not completely clear. Residual 
5 H-bonding would suggest the opposite effect. It may lie in the reduction of the Madelung 
energy (the &ee energy lowering due to uniform distiibution of negative around positive 
charge centers) that is responsible for tlie low vapor pressure of ionic Hquids and molten salts 
(12 - 14). Whatever the explanation, the higher fluidities lend protic ILs an important 
advantage in any application where protonation of more basic sites in tlie system is not a 
10 problem. 

The possibility that fluidities of protic ILs could be exceptional became apparent 
during a study of glass transition temperatures Tg of lis (12). Tg is where the liquid state 
begins. It is the temperature above which fluidity becomes measurable and is, of coui-se, 
relevant to fluidity at room temperature. For liquids of comparable fragiHty (i.e., those in 

15 which the fluidity above Tg changes at the same rate with change of temperature (15)), tlie IL 
with the lower Tg will be the more fluid at ambient temperature IL. The values of Tg of 
simple mono- and di-substituted ammonium salts obtained eitlier directly or by short 
extrapolations of data on their mixtures are found to be anomalously low. Values for 
ethylammonium niti-ate ([EtNHaJCNOa], I) (16) and two closely related protic ILs, 

20 dhnethylammonium nitrate ([Me2NH2] [NO3] , IT), and ethylammonium formate 

([EtlSIH3][HC02], m) are shown in Fig. Al . There they are compared with tlie recent plot 
(12) tliat relates Tg to molai" volume (hence to interionic separations), for salts of weakly 
polarizable anions. The shildngly lower values of Tg found for the protic ILs translate into 
ambient fluidities that ai-e a full order of magnitude higher than that of the most smiilai- 

25 aprotic ILs for which data are available, viz., the quaternary ammonium salt [Ni.tHi.2n][BF4] 
(12). 

Fig. Al shows gl^s transition temperatures of protic ILs in relation to the plot for 
aprotic salts of weakly polarizable auons from ref 12. Protic ILs ai-e (Y) ethylammonium 
nitrate [EflSJH3][N03], (IL) dimethylammoniimi nitrate [Me2lS]H2][N03], (IIT} etliylammonium 
30 foimate [EfNH3][HC02] . Case (IV) is [MeOPrNHa] [HCO2] the formate of tlie 

methoxyporpyl ammonimn cation which combines positive charge and ether solvent in tlie 
same unit. Tlie value for the simplest available glassforming nitrate of an aprotic ammonium 
cation [Ni.a-2,2ii]^ are included. Notation: 1 is methyl, 2 is ethyl, 4 is n-butyl, -O- is ether 
oxygen, Pi/ is N-methyl-N-n-butylpyrohdinium. The line through tlie points is a guide to 
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the eye. The data points for [EtNH3][N03] and [MealSTHzlLNOs] ai-e obtained by short (15 
mol%) extrapolations of their gl^sfomiing binary solution values. Note that the charge 
concentration of weakly polarizable aprotic ionic liquids with molar volumes at the Tg 
minimum of Fig. lA is about 4M. 
5 The s>Titliesis of a protic IL is very simple. Commercially available amines are 

dissolved in water and titrated with acid at 0°C followed by rotary evaporation and vacuum 
drying at 70°C. 

Fig. A2 (a) Arrhenius plot of the fluidities of various protic and aprotic ionic liquids 
compared with those of LiCreHaO (Tg = -134°C) and the IM LiCl solution. 

10 Fluidity data for these substances and for some mixtures that are stable at ambient 

temperatui-e are shown in the Aixhenius plots of Fig. A2 (a). Surprisingly in view of its long 
history (16) tliere is very little recorded for the viscosity of [EtlSff-IslCNOa] (only values at 25 
and 50°C are available (17)) and there are no data for the related methylammonium and 
dimethylammoniimi salts. For comparison, the fluidity of a much-researched aqueous 

15 solution that is also capable of being cooled mto the glassy state, LiCl'6H20 (7.7M, Tg = 

-63°C) (18) is also shown. Data for the IM LiCl solution are also mcluded. While the protic 
ILs are one or more orders of magnitude more fluid than the related aprotic salt, they are 
much less fluid tlian the concent-ated aqueous solution. 

Note that the formate anion provides the most fluid PiL. The formate anion also 

20 provides the most fluid E.s. (Notation: V is methylammonium nitrate [MeNHsHNOs] and 
[BMM] is l-n-bytyl-3-methylimidazoUum. V-IIis a mixture of [MeNHalpSTOa] and 
{Me2NH2][N03]. 

The conductivities corresponding to ilie fluidity data of Fig. A2 (a) are shown in the 
AiThenius plots in Fig. A2 (b). Relative to IM LiCl solution shown fhey still fall a little 
25 short though they are considerably higher than the highest conductivities reported for any 

non-aqueous lithimn salt solution. In Fig. a2 (b) the data for the electrolyte of the Sony Li ion 
battery (LiPFe in mixed ethylene carbonate-dimethyl carbonate) and for the highest 
conducting non-aqueous Li salt solution (LiBOB in acetouitrile) are mcluded for comparison. 
The Mgliest ambient temperatm-e conductivity for any ambient pressure non-aqueous lithium 
30 salt solution is that for LiBOB in acetonitrile (1 0). (BOB is bis-oxalato-orthoborate). As 
seen in Fig. A2 (b) it is weU surpassed by the present liquids. 

Wliile the fluidity of [EtNH3]0SfCO2] is higher than for the nitrate, the electrical 
conductivity is not. Evidently the proton transfer is not complete. [EtNHajlTICOa] caimot be 
considered as "good" an IL as the nihate, raising the issue of classification and or proton 

14 
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transfei-related properties. Oddly enougli the formate of the liydi-aziniiun cation is laiown to 
be abetter conductor than [EtNHalpSfOs] despite having a higher Tg (20) (which would 
indicate a lower fluidity). 

Elsewhere (12, 13) the classical Walden rule (21) which connects conductivity per 
5 mole of charge A ( A = cr Ve, where Vc is the volume per equivalent) to the fluidity of the 
conducting medium, has been used as the basis for a classification diagram. The 
representation has the advantage of displaying botli superionic and subionic behavior on the 
same diagram. Here the inventors combine this diagram with a Tg-scaled Airhenius plot of 
A so that the relation between temperatm-e and equivalent conductivity can be seen at the 

10 same time as that between fluidity and conductivity (Fig. A3). The conductivity at the limit 
of liigh temperature should be tlie same as the conductivity at the limit of high fluidity which 
is recognized as lying at about die value lO"'^ poise'^ (15). This lunit is set by the shear 
relaxation time reaching the lattice vibration time (~10'''^s). 

Fig. A3 (a) plots the relation of equivalent conductivity to fluidity for various protic 

15 and aprotic ionic hquids. The heavy line in Fig. A3 is the ideal Walden line. Ideally, the 

temperature dependence of conductivity is set by the value for fluidity because the only force 
impeding the motion of an ion under fixed potential gradient is the viscous fiiction. Tlie 
position of the ideal line is fixed by data for IM aqueous KCI solution at ambient 
temperature. The data for LiCl'6H20 fall close to it. hi most chai-ge-coiicentrated systems 

20 interionic ftiction causes loss of mobility which is more important at Mgh temperature. This 
gives rise to tlie below-ideal slope found for all the Ds, protic or aprotic, seen in Fig. A3. A 
"fractional Walden rule" A 77" = const, (0<a <1), apphes. When tliere is a special 
mechanism for conductance then the Walden plot falls above the ideal line, as for 
superionics, and the slope a provides a measure of the decoupling index (22). 

25 Fig. A3 (a) allows one to distinguish liquids with mechanisms for conductance that 

are more efficient than the Walden mechanism (e.g. superionic slip for small ions ia certain 
melts (22) and Grotthus mechanisms for certain protonic solutions, particularly those with 
water (23)). However it does not reveal any difference between die protic lis with strong 
proton transfers and the aprotic Us. From tiieur Walden plots they seem the same. To 

30 distinguish more sensitively between the extents of proton transfer in different cases and 
thereby to point the way to still higher conductivities, the inventors turn to an alternative 
approach which involves measiureraent of the excess boihng point. 
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As siiown elsewhere (13), tlie excess of the measm-ed boiling point of a protic EL over 
the additive value firom its component boiling points can be correlated well witli a quantity 
which is proportional to the free energy of transfer for protons between their Gumey energy 
levels on acids and bases (24). This is the diJSerence in pKn values, which actually assesses 
5 tlie free energy of proton h'ansfer referred to a particular value, which is that of the proton on 
a water molecule ( A G° = -RThi( A Ka)). The inventors find that tlie excess boiling points for 
tlie tln-ee nitrate protic lis of Figs. Al and A2 are predicted precisely by the plot in ref. 13 
(see also (25)). This plot therefore allows one by extrapolation to say what would be the 
excess boiling point and hence the actual boiUng point of any protic EL not yet studied. It 

1 0 correctly predicts that the boiling points of the combinations of various strong bases with the 
superacid hydrogen trifluoromethanesulfonic acid are too high to measure (because of prior 
decomposition of the cations). 

Thus protic ILs that are indistinguishable with regard to iomcity by Fig. A3 (a) do 
reveal their differences by tlie excess boilmg point criterion. The probability of the proton 

15 returning to its point of origin on the anion of the electrolyte and then escaping into tlie vapor 
(associated with boiHng of the electiolyte) must be a Boltzmann function of the free energy 
change of the protonation reaction (13, 25). 

It is behavior of tlie boiling points of these liquids provides the clue to talce one to the 
next level of fluidity and conductivity. For tliis the inventors nialce the following obseiYation. 

20 While the equilibrium constant for tlie proton transfer process is overwhelmingly in favor of 
ions over molecules at ambient temperature for [EtISiH3][N03] and its analogs, the vanishing 
probability that tlie proton will instantaneously reside on the anion still appeai-s to play a role 
in tlie liigh fluidity (Figs. Al and A2). If this is the case the same piinciple could possibly be 
brought to operate on the anion and so enliauce tiie fluidity while maintainmg a low vapor 

25 pressure. The inventors therefore investigate the case of the hydrogen bonded di-auionic 
protic XL, evidence for the stability of which was recently given (13). 

Fig. A3 (b) is a Tg-scaled Arrhenius plot to display the temperature dependence of the 
equivalent conductivity in relation to the temperature at wliich the fluidity reaches the glassy 
value of 10'" poise (10'^^ p for inorganic network glasses). The inorganic superionic systems 

30 have very high conductivities at their glass temperatures. Sub-ionic (associated, ion-paired, 
etc.) systems have low conductivity at all temperatures. The ideal (ion interaction-free) 
behavior for conductivity is shown by the dashed line plot of infinite dilution conductivities 
for KCl in H2O (data from Robinson and Stokes (27)). To include these data Tg as 1 3 8K is 
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assigned since high temperature viscosity fitting suggests it. The real value for water is 
controversial. 

Selected plots in parts (a) and (b) have been extrapolated to have the same value at 
infinite temperature as at fluidity = 10'^'^ poise'^ . In absence of ionic interactions the behavior 
5 at T > 2. 5Tg should obey the Aiihenius law ( 1 5). 

It was found tliat in the system a -methylpyiidine + trifluoroacetic acid the boiling 
point maximizes (at 200°C) at the di-anion composition while the glass transition temperature 
maximizes at the stoichiometric (1:1) composition (13). thus wlule the vapor pressure at the 
dianion composition is minimized the conductivity of the liquid is increased. In the protic IL 
1 0 nitrate the dianion composition does not have the maximum boiling point because of the 
greater proton transfer energy at the stoichiometric composition. However it remahis 
relatively high (164"C) and the conductivity is certainly increased. The data are included in 
Fig. A4 where the conductivity is seen to be essentially the same as that of IM aqueous LiCl. 
Fig. A4 shows specific conductivities of dianionic protic ILs compared with (i) 
1 5 normal protic ILs (single component [EtNHs] [NO3] and mixtures {MeNHs] [NO3]- 

[Me2NH2][N03]), (ii) aprotic quaternary ammonium IL, and (iii) aqueous LiCl solutions (IM 
and 7.7M i.e. LiCreHzO. The dianionic nitrate reaches the level of IMLiCl and so does the 
mixture of [MeNH2][N03] and [2\IH4][HF2]. There is a startling increase to values equalmg 
those of the LiCl'dHzO solution when pure [NH43[HF2j is measm-ed. Ambient temperature 
20 liquid analogs are expected when pMHU]"^ is replaced vrith [EtNHsl^ [MezNEJz]^ [MelSIHa]'^, 
etc, 

One can take the dianionic protic IL concept one step further by introducmg the 
strongest dianion laiown, [HF2]". hideed, an ionic liquid incorporating this anion (liowever 
with excess HF) has aheady been reported as having exceptional conductivity (26). The 

25 conductivity of [NH4] pPa] which is conmierciaily available has been measured (at the cost 
of some cell corrosion) and is included in Fig, A4. It is seen to be as high as tliat of the 7.7M 
LiCl solution wliich we have now measured into the >100oC temperature range. The 
comparison is only made at liigh temperature because [IS[H4][IIF2] is not an ambient 
temperature IL (Tm 125°C), However since [NRtJCNOj] has a melting point much liigher 

30 than [MeNHsjEKOa], [MeNHzlLNOs] or [EtNHaJLNOa] and also [MLJpffi] it is reasonable 
to expect tliat [MeNH3][HF2] or its mixtm-es with [MeiNHzlEHFj] and [MeNH3][HF2] will be 
Uquid at ambient temperatm'e and that they will have conductivities comparable with those 
suggested by the data for [NH4][HF2]. 
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Finally the inventors make an. alternative comparison with LiCl .6H20 by including in 
Fig. A4 data for [MeaNHzltNOsj-eHNOa which is also glassforming with Tg of -130°C vs. - 
134oC for LiCl-6H20 (the boiling point is m°C vs. 138"C for LioreHaO). Despite its 
higher Tg, its conductivity is higher thaa that of LiCVeHaO, apparently due to aliigher 
5 iragiHty. 

The mventors conclude witli the observation that the only systems that yield 
conductivities much higher than tliose of the protic ILs described here are the aqueous acid 
systems in which a decoupled proton (Grotthus mechanism) operates (23). Watanabe and 
coworkers (28) have recently shown that a weak decoupling occurs hi the solution, m excess 

10 imidazole, of the proton transfer salt made from unidazole and HTFSI (m.p. = 73°C). It is an 
objective of futui'e work to determine tlie conditions in which substantial decoupled proton 
motion can occur m neat protic E.S. The extraordinaiy conductivity of [NHtlpHF?] suggests 
one may not have far to look. 

Proton-rich ionic liquids of this invention are based on the combination of protonic 

15 acids with the active anions made available by the presence of weakly basic cations of the 
type formed by proton transfer discussed above. Alternatively the aprotic cations which are 
now widely used in "ionic liquid" or "ambient temperature stable molten salt" media may be 
used but at some cost hi conductivity. 

The formation of such di-anions (AHA) that are held together by sti-ong hydi ogen 

20 bonds can raise the boiling pomts of volatile acids by 1 00°C or more as demonstrated below. 

To set forth further tlie properties of the proton-cairymg fluids of this invention, tiie 
inventors studied the subject of proton transfer salts and their solutions in excess acid and 
excess base. Cases were demonstrated in which the bondmg of the protonic acid to tlie anion 
(of the salt foixaed by transfer of the first proton) is very sfrong. It is so strong that the 

25 normal boiling pomt (at which the total vapor pressure due to aU volatile species reaches one 
atmosphere) reaches its maximum value at the stoichiometry of the di-anion. Reference is 
made to Fig. 5. This figure shows tiie system a -picolme + trifluoroacetic acid showmg glass 
temperatures (open squares) devitrification temperatures (filled diamonds), hquidus 
temperatm-es or fireezhag points (open triangles) and boiling points at 1 atai pressure (sohd 

30 circles). Bi tliis system formed fi-om trifluoroacetic acid (I-ITFAc) and tlie base a -picoliae 
(a -pic) (2-methyl pyridine), the maximum melting pomt ia the system is found at the 1 ; 1 
compound (the simple proton transfer salt 2-methylpyriduiium trifluoroacetate). However 
the boiliQg point reaches its maximum value at which the combined vapor pressures of acid 
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and base components equals 1 atin at the stoichiometry of the hydrogen bonded di-anion 
(AHA). Other cases in wiiich the boiling points at the di-anioa stoichiometry are even liigher 
than in Fig. 1 of this disclosure are shown below. 

The conductivities of tlie acidified melts are found to be considerably higher than 
5 those of the neutral Uquids shown in Figs. 2 and 4 (see Fig. 6). Wliereas the liquids 

containing tiie ethylamnioniimi cation were seen to exhibit conductivities up to 20.8 mScm"^ 
at ambient temperature in the absence of di-anions, the ambient conductivity of 
[EAN]"^p:i(N03)2]" reaches an astonishing 37,6 mScm"'. Finally, tlie conductivity of the 
liquid acid salt of stoichiometry XA'HA (where XA is dimetliyiammonium nitrate DMAN, 

10 and HA is HNO3) brings tlie conductivity of non-aqueous electrolytes mto the range of 

aqueous solutions for the first time. The conductivity of this solution has been found to be 
65.7 mScm'^ at ambient temperatiare. Increasing the acid content to XA'SHNOs finally 
brealcs the "100 mSCIVT^ banier" for tlie fnst time for a non-aqueous solution. This is 
beUeved to be the highest conductivity ever measured for a non-aqueous liquid, hi Fig. 6 

1 5 data for these new ionically conductnig hquids are compared with those for 1 . IM solution of 
lithium chloride, the conductivity of 96wt% phosphoric acid and finally the conductivity of 
4M aqueous H2SO4 which is tlie most conductive of the Icnown ionic conductors. 

The inventors have reported a systematic study of systems in which tlie protons have 
been added in as the anliydrous acids, such as formic acid, trifluoroacetic acid and triflic acid 

20 (i.e. trifluoromethauesulfonic acid) that are coimnercially available in the anliydrous form. 
However others are possible. Indeed the inventive, exemplary test fuel cell did not include 
using as electrolyte, the ionic liquid, ethylammoiiium nitrate BAN upon which the inventors 
reported was not reported upon because it was already well Icnown. However, its application 
as a fuel ceil electrolyte is believed new. BAN has a conductivity that is superior to any 

25 described in. the inventors' reported work but its behavior camiot easily be followed over the 
whole acid/base range of compositions because the base of the system, ethylamine, is a gas at 
room temperature (boiling point, Tb = 16.6°C). 
3. Rotator phase solid electrolytes 

Here the inventors disclose elecholytes that have been prepared and characterized 

30 with respect to phase transitions and conductivities but have not yet demonstrated an be used 
as solid electrolytes in working fuel cells. They are closely related to the substituted 
ammonium nitrates and ammonium bifluorides of the preceding section. 

The inventors have noticed m the course of developing ambient temperature ionic 
liquids of unprecedented conductivities [1] that, in the substituted ammonium cation systems, 
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there are a number of rotator phases with very Mgh electrical condiictivities, These have 
raised the possibility of using certain principles involving ion rotations that were exploited in 
the science of lithium solid state electrolytes [5-7] to produce proton conducting membranes 
that could meet or out-perform the conductivities of the inorganic rotator phases being 
5 explored by Haile and coworkers [8] while being more economical and less toxic. Many of 
the cases for which we have data have been studied previously by workers interested m the 
physics of rotator phases 99, 10] but no consideration of tlie possibility that tliey miglit serve 
as solid-state electrolytes for fuel cells has previously been made. It is not clear- at this point if 
the liigh conductivity of these solid phases is due to a proton transfer mechardsm or whether 

1 0 veMcular transport is involved. For purposes of a ftmctional fiiel cell it does not matter, as 
no concenti-ation gradients can be established in these single component systems. If no 
concentration gi-adient can be established, yet when protons can be talcen up at tlie anode and 
transferred in an electrode reaction at tlie cathode, then the electrolyte is effectively a imit 
transport numbei- electrolyte for protons. This is a long-sought-after objective in fuel cell 

15 electrolytes. 

Here the inventors present recent data on the phase relations and conductivity 
behavior of ethylanmionium nitrate (EAN), dimethylammonium nitrate (DMAN) and 
methylammonium nitrate (MAN) and certain mixtures thereof. Because of thek high 
conductivities these electrolytes will serve as a basis for establishing the proof-of-concept 
20 that is needed at the outset to stimulate the development of practical examples of the same 
principle. 

Fig. B2 shows, in Arrhenius plot form, the conductivities of the salts EAN, DMAN 
and MAN. Whereas EAN is a liquid at room temperatiure, the other two ai-e not. 
Nevei-fheless, one of tiiem, DMAN, maintains a very liigh conductivity 10-2,6 S/cm at room 
25 temperature and approaches 10-1 S/cm before it melts. It is expected that the conductivity is 
related to the rapid rotation of the ions which has been the primary source of interest in these 
materials so far [9, 10]. 

Fig. B3 is a set of DTA up-scans for DMAN and MAN sliowmg relative stirengths of 
solid state and fusion phase ti-ausitions. In the case of DMAN, the plastic crystal is a 
30 "Tirmnermans rotator" [9, 1 0] . Fig. B3 relates the conductivity behavior to the phase 

transitions that occur with change of temperature. It is clear firom the differential thermal 
analysis DTA trace for MAM shown m Fig. B3 that tliis solid substance has generated most 
of the enti-opy usually appearing on fusion at the temperature 78V where a solid-solid 
transition occurs. This is due to tlie onset of cation or anion rotation, perhaps both, which has 

20 
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been nmch. investigated [9, 10]. DMAJST also shows a strong solid-solid transition at tlie 
lower temperature 20°C but tlie magnitude is smaller relative to fusion. Some data on 
mixtures of these rotator phases is provided as supplementary material. The ambient 
temperature conductivity of the 90DMAN-10MAN plastic crystal is remarkable 10 mS/cm. 
5 An even more remarkable solid-state conductor is the solid form of the compound 

NH4HF2 which is related closely to one of tlie liquids that we ai'e reporting in succeeding 
sections. The conductivity of soHd NH4HF2 at ambient temperature is very high (20 mS/cm) 
and > lOOmS/cm at 100°C (Fig. B4). Fig. B4 plots temperature dependence of ionic (protic) 
conductivity of IvfflUHFa (Tmelt = 125°C) compared with that of concentration aqueous Licl 

10 solution with 6 mole H20/Li'^. The conductivity in the solid state as in the case of nitrates is 
not very reproducible but is always Ingh. It is so lugh tliat it is difficult to believe that it is 
due solely to difflision of the ionic components of the lattice. Ratlier it seems probable that 
there is a large contribution from proton hopping between the rapidly rotating ions. Based on 
the nihate studies (ref 10 and Fig. B2) one may expect even higher conductivities in the 

15 substituted ammonium cation derivatives and particularly m their mixtures, 

4. Glass cell: platinum wire electrodes 

The cell is diagrammatically illustrated in Fig. B7. 

(a) Compai ison of performance of new electrolyte etliylammonium nitrate with 

phosphoric acid electrolyte at lOOoC 
20 Fig. B5 is a plot of I-V curves compaiison of [EtNEajCNOs] (BAN) with 85% 

Phosphoric Acid at 100°C with bare platinum wire electrodes. Results sliow that the voltage 

of the cell with tlie BAN electrolyte is always higher than that witli the phosphoric acid 

electrolytes and that tlie maximum power generated by the fonner (obtained fi:om the point of 

maximum slope (dE/di) max is much greater for tlie new cell. 
25 (b) Comparison of performance of a new electrolyte, [Me2NH2] [HF23 with 

phosphoric acid electrolyte 

From Fig. B6 it is seen that the performance of the ceU utiUzing the bifluoride protic 

IL is extraordmary. At room teniperatm'e, the voltage generated at any given current is 

superior to that of the phosphoric acid cell at a temperature 150°C, The bifluoride cell could 
30 not be studied at higher temperature because corrosion of tlie glass caused the frit to coUapse. 

Data are obtauied at liigher temperatures in the teflon sandwich cell described below, 

5. Teflon cell: colloidal Pt electrodes (high surface area) 

The cell is displayed in Fig, B7. The performance of tliis cell with the phosphoric 
acid electrolyte for which the electrodes were optimized is shown in Fig. B4. This is the 
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performance expected for the phosphoric acid cell. Such performance is only obtained after a 
"brealdng-iii" period which amounts to some hours of exposure to the electrolyte and 
prolonged generation of current (which is initially quite small). It evidently talces time for the 
electrolyte to properly permeate the electrode properly and gain access to the full plathium 
5 surface. These data re to be compai'ed with those in the literature for successful phosphoric 
acid cells [12]. 

When the ionic Uquid electiolytes are introduced to such a cell with firesh electrodes 
in place, the performance is very had. It is clear that the electrolyte cannot acliieve the initial 
penetration of the electrode structure. This is not surprising: the electrodes were developed 

1 0 and optimized for use with H3PO4 electrolytes. 

On the oflier hand, if the cell is initially broken in with H3PO4 electrolyte, and the 
H3PO4 electrolyte is then removed and replaced by one of the new electrolytes, a new steady 
state is quickly attained and cell perfonnaiice can be quite good - though presinnably not 
nearly as good as with a high dispersion platinum electrode optimized for the properties of 

1 5 the protic IL electrolytes. 

(a) [MejNHalpaFz] electrolyte 

We show the performance of the electrolyte {MeaNEslLHFi} in comparison with 
H3PO4 in Fig. B8. With an electrode optimized for this elech-olyte, it is believed tliat superior 
performance can be achieved. 

20 (b) [EtNHslPMOsl electrolyte 

The superiority of the efhylammonium nitrate electrolyte cell over that with 
phosphoric acid was seen in Fig, B5. Here we find that when the phosphoric acid electrolyte 
is replaced with EAN the voltage of the cell under open circuit conditions rises to a 
remarkable 1.2 volts. The possibility is raised of a much higher energy cell with an even 

25 higher maximum power. However the favorable voltage oaimot be sustained when 

substantial cmTcnt is drawn. The initial superiority and its rapid decHne is shown in Fig. B9 
which combmes tlie new data with those of Fig. 5. It seems probably tliat with umprovements 
in electrode design a very high performance cell could be obtained, 
(c) Solid protic IMe2NII2][N03] electrolyte 

30 When the phosphoric acid electrolyte is replaced with the soHd protic electrolyte 

DMAN [Me2NH2][N03] the voltage of the cell at 25oC imder open circuit conditions rises 
to a remarkable 1.14 volts. Again the favorable voltage cannot be sustained when substantial 
current is drawn, probably because these electrodes are specifically designed for phosphoric 
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acid. The initial superiority and its rapid decline is shown in Fig. BIO, It seems probable that 
with improvements in eleotrode design a very high perfonnance cell conld be obtained. 
Chemical and electrochemical applications of the electi olvtes of the present disclosure 
1. Metal dissolution 
5 Hie auion-trapped proton is beheved available to do chemical work. The protons caa 

exchange with zinc metal as demonstrated by the release of hydrogen when the ionic liquid is 
reacted with powdered zinc, tiiongh tins elechon h-ansfer is low unless there are -OH groups 
on the cation and reqiures heating to occur fireely. This aspect of the application of the acid 
ionic Uquids is not of great importance at this time relative to the application to foel cells. 

10 2. Fuel cells 

The primary interest in these high conductivity high boiling pomt electrolytes must He 
in their potential to serve as electrolytes in high temperature jEliel cells. Indeed an 
announcement of the viability of such a cell utilizing proton transfer ionic liquid elech-olytes 
as just been made. Qn the rapid publication journal Chem. Comm. Watanahe and co-workers 

1 5 provide what is believed to be the fnst report of a demonsteation of the viability of the proton 
transfer salt as an electrolyte for the hydrogen elech-odes and tlie hydrogen/oxygen fuel cell.) 
The electrolyte of the inventors' version has much higher perfonnance with respect to current, 
malcing it possible to compete with the performance of the standard high temperature fuel cell 
electrolyte, phosphoric acid with 4wt% water. 

20 The inventors also disclose a successful strategy for increasing the current to values 

above those of the phosphoric acid fuel cell over a wide temperature range while maintaining 
a competitive cell voltage. 

To examine the potential of the preferred embodiment proton hansfer salts of tliis 
invention for fuel cell apphcationa, a simple hydrogen oxygen fuel cell using the U-cell 

25 design shown in Fig. 7 was conshiicted. Hydrogen and oxygen are bubbled over unplatinized 
platmum elech-odes on the left and right hand sides of tiie cell respectively. In the first 
version of the cell, used to obtaui data shown in Figs. 8 and 10 (cell 1), the firit used to 
disperse the H2 bubbles in cell 2 (Fig. 7) was not present. 

The foUowmg reactions are beheved to occur at the electrodes: 

30 At the anode: 

H2(g)->2H++2e- 
and 2H^+4A- ->2HA2- 
Net: HzCg) + 4A' ^ 2HA2>2e- 
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At the cathode: 

2e-4-l/202(g)-)-0-- 
and 0^"+2HA2' -> H20(g)+4A- 
Net: 2e"+2HA2"+l/202(g) H20(g)+4A' 
5 The net cell reaction is of course H2(g)+l/202(g) -^H20Cg) 

Hie potential of the cell is deteimined by tlie sum. of the reversible cell potential and 
the respective electrode overpotentials which must be iniminized. The most serious of the 
over-potentials, in the general view, is the oxygen reduction overpotential. It is this 
overpotential that is considered to be the main cause of the reduction of the phosphoric acid 
1 0 fuel cell potential below flie theoretical value. 

The potential of the cell dmiiig steady bubbling of commercial cylinder hydi-ogen and 
oxygen was monitored using a Keitliley Model No, 177 Microvolt DMM potentiometer. The 
current passing through an external circuit connecting the two electrodes was measured using 
the Keitbley multimeter in ammeter mode. 
1 5 For a steady flow of hydrogen and oxygen over the simple platinum wire heUcal 

electrodes of cell 1, tlie potential recorded when tlie electrolyte m the cell was the standard 
phosphoric acid (with 4wt% water) is shown m Fig. S(a). The ciuTeut recorded as the 
temperature of the cell was raised from room teuiperatui-e to 200°C is shown in Fig, S(b). 

To compare with these plots we shown (also ia Fig. S(a) and 8 (b)) the potential and 
20 current flowing m the same cell when the electrolyte is (i) etliylammonium nih-ate EAN, (ii) 
diethylammonium nitrate DMAN, and (iii) methylammommn nitrate MAN. The latter two 
elect'olytes can only be used at high temperatures because the melting pomts are 72°C and 
109°C respectively. However in applications needing ambient temperatine perfomiance tiiey 
can be mixed together or with EAN. The eutectic temperature in the case of DMAN-MAN 
25 has below room temperature. 

Tested at tills level the new fiiel cells appear to exhibit superior performance. The 
voltage output of the EAN case is remarkably higher than for the phosphoric acid fuel cell 
though it looses voltage at higher temperatm-es for reasons that are not currently understood. 

While their conductances are very high there is a disadvantage in tlie use of nitrate- 
30 based electrolytes related to their chemical instability and the potential for explosion. 

Therefore a number of other possible electrolytes of this general type using anions that do not 
have oxidizing power have been tested. For this case there was used a cell of slightly 
different design (cell 2, Fig. 7) with smaller electrolyte volume and with modified electrodes 
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that used glass frits intended to disperse the gases in the vicinity of the Ft wire electrodes into 
smaller droplets. The same hydrogen flow rate in each test was used. Fig. 9 shows data for 
the proton transfer salts of ethylammoninm dihydiogenphosphate and ethylammonium 
hydrogensulfate. The latter in particular seems promising at low temperature, but fails to 
5 match the performance of die phosphoric acid cell except at the highest temperatures. At 
200°C its performance hecomes superior, though only a Uttle. hi view of the fact that unlilce 
H2SO4, HSO4" is weak acid and the acid salt is not hydroscopic, it would seem to offer great 
potential for high temperatui-e fuel cell appUcations. The hydrogensulfate electrolyte is not 
even a neutral proton transfer salt. 
10 A remarkable phenomenon that distinguishes the fiiel cell of the present invention 

irom any prior work and which maybe permits utilization at much lower temperatures is the 
remarkable increase in cuiTeut that flows in the cell when die simple proton transfer salt 
electrolyte is modified by inclusion of a molecular base that is chosen for two properties: 

(i) it is mvolatile particularly at low concenh-ations in a low vapor pressure 
15 medium; and 

(ii) it is intemiediate in Bronsted basicity between the base (ethylamine) and the 
acid (HNO3, H2SO4, etc.) that are combined to form the primary proton transfer electrolyte 
and so will not be preferentially protonated. 

Fig. 10 shows the comparison of current, in Fig. 10 (a), and voltage, in Fig. 10(b), for 
20 the ethylammonium nitrate cell with and without 4wt% imidazole as additive. Included for 
comparison are the voltage and the ciunrent when 96wt% phosphoric acid is the electrolyte in 
the same cell using the same H2 flow rate. It can be seen that with a sHght sacrifice in voltage 
the current at low temperatures is nearly doubled and considerably improved it at high 
temperatm-es. 

25 The same phenomenon is found in cells using ethylammonimn formate (wealcer acid) 

and ethylammonium hydrogensulfate (stronger acid). Data for etlilammonimn 
hydrogensulfate cell with and without 4wt% imidazole in cell 2, agaui usmg the same flow 
rates, ai'e shown in Fig. 11. Agam the current in the EAHSO4 case is liigher despite the more 
viscous character of the proton transfer electrol^'te wliich is augmented by the imidazole 

30 addition. Due to the lugh viscosity small bubbles no longer form and detach at the frit as in 
earlier cases and tliis causes lai-ge current fluctuations due to electrode coverage effects. Tliis 
problem will be amenable to solution by electrode design improvement and by use of mixed 
electrolytes of different viscosities, it is beUeved. For the moment the peaks of the current 
fluctuations are understood as the true uidication of cell performance. Note that this is again 

25 
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superior to that of the phosphoric acid cell. It is possible that the imidazole is serving as 
proton transfer bridge because its proton sites are more accessible at tlie operating 
temperature than are the sites on the HS04" species. 

Equivalent or superior performance maybe obtained using tlie strong acids CF3SO3H 
5 and FSO3H, winch will yield neuti'al proton t'ansfer salts lilce tliose formed witli nitric acid 
but will be free of explosion hazard. Also to be tested is the mono-protic, luifluorinated, 
inexpensive, non-toxic acid HBOB which is related to the salt LiBOB first reported by the 
inventors [W. Xu and C. A. Angell, Electrochem. Solid State Lett., 2001, 4(1), E1-E4]. 
BOB' is tire bis(oxalato)orthoborate anion. It is a very weakly coordinating anion and the 

10 acid is a superacid but it is a lai-ge anion and usually has the undesirable effect of increasing 
liquid and solution viscosities. 

Altliough many exemplary and promising preferred embodiaients of this invention 
have been described, yet to be explored is tlie behavior of the ceUs using electrolytes doped 
with alternative bases, of which a very large number exist, m particular, the aromatic tribasic 

15 molecule l,3,5-tria2ine C3H3H3. 
Summary 

A new type of fuel cell that employs either a neuh-al proton transfer salt or an acid salt 
in which the untransfen'ed protons are only weakly acid has been described, hi most cases a 
liquid at ambient temperature s the electrolyte. The ceil appeai-s to have cun-ent-voltage 

20 performance which is superior to the state of the art phosphoric acid cell and which may be 
further enhanced by doping the electrolyte with a base that is hitermediate in basicity between 
acid and base components of the primary proton transfer salt. That the electrolyte is not an 
acid but a ueuh'al salt means that the corrosion problems commonly seen as a major 
disadvantage with phosphoric acid iuel cells should not aiise. 

25 Experimental 

The thermal transitions of uiterest to this work were determined using a simple 
homehuilt differential thermal analysis DTA unit utilizing the three-terminal system 
described elsewhere [41]. Wliile extensively used for glass transition and melting point 
detenninations m the past, its utiUty for the boihng point detennmations of primaiy 

30 importance to the present work has previously not been given much attention. DTA has 

special advantages for the study of corrosive systems because of its use of glass sample tubes 
and the absence of expensive components in proximity to the samples, hi addition the use of 
unsealed sample containers makes possible the determination of boilmg points which are not 
investigable in standard differential scanning calorimetry DSC instruments. 
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The liquid protonic acids, trifluoroacetic acid (HTFA, 99%), aiid dichloro acetic acid 
(HDCA 99+%), the bases propylamine (PA, 99+%), a -picoline (a Pic, i.e. 2-inethylpyridine 
98%), andmethyliinidazole (Mitn) (99%) were obtained from Aldrich Chemical Co. 
Anhydrous acetic acid (Hac, 99+%) was obtained from Mallidlaodt and anliydrous formic 
5 acid (HFm, 98%) was obtained from Flulca. Anhydrous tiifluorometlianesulfonic acid (or 
triflic acid, HTf, pmty unspecified) was obtained from Matitx Scientific. All chemicals were 
used as received. 

The detennination of boiling points of liquids and solutions by DTA is very simple 
[42, 43]. The boiling point has its own distinct signal in DTA. when boiling occurs the rapid 

1 0 growth of bubbles in the sUghtly superheated liquid combined with the large value of tlie heat 
of vaporization causes a sudden absorption of energy. This gives rise to a shaip pen 
displacement (see Fig. C2). The eiTor due to superheating is minimized by adding a small 
amount of inert alumina powder to the sample container to promote bubble nucleation. 
In pure liquids bubble growth is very rapid. In solutions in which only one 

1 5 component is volatile, bubble growth can be much slower due to the need for diffusion of the 
volatile component to the bubble smface, The need for diffusion coupled with the higher 
viscosity of the solutions in which ionic species provide electrostatic constriction leads to less 
strildng, through still obvious, signals in the binary solutions. Weaker signals, particularly 
near stoichiometric compositions, lead to an increased uncertainty in the boiling point 

20 assignment in the intermediate ranges as will be seen in the scatter of binary solution data 
presented in the next section. 

In the case in which the proton transfer energy is greatest ( a -picoline + triflic acid, in 
this study) the actii'ity of the more volatile component (excess acid or excess base) is so 
reduced that the decomposition point is reached before boiling can be observed. In fact it is 

25 estimated that in the absence of decomposition the boiling point for the stoicliiometric 
composition in tliis case would lie nea- 450°C. 

When decomposition occurs, the direction of the thermal effect changes form 
endothermic to exotliemiic for the substances of tliis study. ReproducibiUty (precision) of 
boiHng points is better than IIC for the smgle components. The accm-acy and precision can be 

30 judged from the results for a -picoline (127 as 127°C m successive runs, vs. 128°C (literature 
value)), and acetic acid 1 16**C (literatiure 118°C). tlie increased difference in the second case 
is attributable to the fact that the reagent was only 98-99% pm-e. 
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It would be quite simple to repeat these measurement xismg an apparatus in which the 
external pressure is reduced to known values far below ambient and thereby to obtain the 
liquid/vapor coexistence line (and the heats of vaporization) but this has not been done so far. 
A DTA trace showing the sequence of transitions observed in a formic acid + 
5 propylamine solution is given in Fig. C2. It shows how the boihng point of the acid is raised 
fi'om the normal value (100°C) to 124°C by mcorporation of 10 mol% of the strong base, the 
boiling point of wliich is only 53°C. The glass transition is seem at -123°C, increased from 
that estimated for the pure base, ca. -133°C, the system then crystallizes at -98°C to yield a 
sohd, the salt propylammonium formate which subsequently re-dissolves at -17°C. There is 
1 0 then a long liquid range up to boihng at 1 24°C . 

Conductivities were measured using dip type cells of cell constant about 0.1 cm'^ 
calibrated with a 0. Im KCl solution. The cell conductance was determined in the frequency 
range from 10 Hz to 1 Mliz usmg an automated HP4192 LF frequency analyzer as described 
many times elsewhere [ e.g. 37, 43]. The conductivity was determined from tlie hiitial part of 
15 the ahnost frequency-mdependent plateau (log cr vs. logf plot). Values obtained were 
checked against the data obtamed by short extrapolation to tlie real axis of the complex 
impedance plot 

Kinematic viscosities of ionic liquids were measured using Cannon-Ubbelohde 
viscometers of appropriate viscometer constants in the temperature range between ambient 

20 and 130°C. CaCla drying-tubes were used to protect the samples fi-om moisture in the air. A 
uniform temperature environment was provided by a tall, cartridge-heated aluminum 
temperature-smoofhhig block with slots to permit meniscus observation. The temperature of 
die sample was maintained for half an hour before measurement. The precision of 
measurement with Cannon-Ubbelolide viscometers is controlled by tlie reproducibihty of 

25 flow times and accuracy is controlled by accui-acy of cahbration constants and by temperatiu-e 
measurement. Precision was limited at the highest temperatures (above 100 °C) by the short 
flow times (<10 s) consequent on our using only a siugle viscometer for each sample. The 
flow times were reproducible: the standai-d deviation was ± 0.2s. For temperatures below 
40°C the run times are often 200s or longer hence the readmg error is only 0.1% of the efflux 

30 time. Data were converted to noimal viscosities here reported in poise (10 p - 1 Pa"x) to 
maintain the simplicity of the Walden plot (Fig. CI and the more detailed version given 
below.) 
Results 
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The temperatui-es of the vaiious transition points (Tg, Tc, Ti and Tb) obtained from 
scans lilce those in Fig. C2 are shown for the case of the system a -picoline + trifliioroacetic 
acid in Fig. C3. 

The inventors note that the glass temperature and liquidiis temperature both reach 
5 maximum values at tiie stoicbiometry of the simple proton transfer compound a -picolinium 
trifluiroacetate. On the other hand the boiling point continues to rise with excess acid until 
the composition 67% acid corresponding to the formation of the di-anion H(TFA)s' is 
reached. Evidently this hydrogen-bonded species has a very high stability in this system. 
Note that the maximum boiling point (at which the combined vapor pressm'es of acid and 

10 base components equals 1 atm) occurs at the di-amon composition whereas the congruently 
melting salt has the 1:1 single proton transfer stoichiometiy. 

fig. C4 shows the boiling points of several biaary systems in wliich the strength of the 
acid is increased while the base a -picoline is kept common to each. lii the case of the 
strongest acid of the study, triflic acid, tlie boiling point Hes above the decomposition 

1 5 temperature of the aromatic base. An extrapolation of the data obtained for compositions 
where boiling occun-ed before decomposition (soHd symbols) suggests near the 1:1 
composition, the vapor pressure of acid or base species would be very low, even at 250°C. 
The open tiiangle at the 1:1 stoichiometiy is the value predicted usuig the correlation 
obtained in a later figure. Prior decomposition presents direct measurements. 

20 Fig. C5 contains data analogous to those of Fig. 4 for the case in which tlie stronger 

non-aromatic base n-propylamiiie is used as the common component. In this case even 
formic acid yields a proton teansfer salt with a boiling point elevation of some lOOK above 
the additive value. 

Data on the conductivities of the systems of Fig. C4 are shown in Fig. C6 and 
25 viscosity data are shown in Fig. C7. Conductivity and viscosity data for the remaining 
systems are available but ai-e subsumed into the more economic form of Fig. CI and 
presented in die Discussion section. The data have been reduced to Vogel-Fulcher- 
Tanumami equation parameters presented in Table 1. These are valid only in tlie range of the 
data. Finally, data for the densities that are needed to convert specific conductivities into 
30 equivalent conductivities are summarized by the linear equations given in Table 2. 

Table 1: Rogel-Fulcher-Tamman (VFT) equation parameters of viscosity data for a - 
picolinium salts 







D 


To/IC 


Tg/K 
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a Pic-Fm 


0.04 


7.66 


103 


154 


0.999 


aPic-TFA 


0.14 


3.11 


187 


196 


0.999 


a Pic-Tf 


0.16 


4.09 


181 


unavailable 


0.999 



Note: WT equation 77 = 77oexp[Dto/(T-To)] 

Table 2: Linear density equations for a -picoliniuni salts 





p/gcm"^(tin°C) 


a Pic-Fm 


1.05- 4.39 X 10"^ t 


a Pic-TFA 


1.31 -5.26 X 10"^ t 


a Pic-Tf 


1.46 - 7.16 X IQ-^t 


Discussion 




1. Proton transfer salts 





The data of Figs. C4 and C5 provide an opportui:iity to quantify what would be 
expected ftom the concept of acid-base processes. The inventors expect that the activities of 
the individual components will be lowered from the ideal solution values very strongly when 

1 0 there is a large driving force to teansfer the proton from acid to base thereby forming the salt. 
In aqueous solutions the free energy drivmg the transfer maybe obtained from data on the 
work of fransfer of protons from acid to water and from water to base respectively. These are 
extensively catalogued in terms of the pKj, values and pKb values. For a given substance 
acting alternatively as an acid or as a base, these are related by pKa + pKb = 14. The value 14 

15 is determined by the properties of the solvent water and is the base 10 logarithm of its auto- 
dissociation constant plC,v. The pKw is related to the work (-RThiK,v) of fransferring a proton 
fi-om one water molecule to a distant one wititun the solution medium provided by water 
itself, as has been described in great detail in the book by Gumey [24]. The sum of pKo and 
pKij for the acid aid base that fonu tlie anion and cation of a given salt allow us to obtam a 

20 measure of the free energy of fonuation of the salt from its ions in the dilute aqueous solution 
AG--RTiii(ApKa). 

It is of interest to see if tlie wealth of hiformation available for these mteractions in 
aqueous solutions has any relevance to the behavior of the same acids and bases interacting in 
the absence of water or of any otlier solvent. The dielectric constant of water through wliich 

25 the transfer of the proton in aqueous systems occurs is very large, about 80. The work of 
transfer to restore the original molecular acid and base components from tlie salt should 
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therefore be mucli greater in tlie absence of any dielectric particularly a medium witli the 
dielectric constant of water. Thus the driving force for salt formation in the systems studied 
could be very different jorom that measured in water. Whether any correlations can survive 
such a drastic change of proton transfer environment can only be determined by experiment. 
5 The possibility of correlation is tested fii'st by comparing the increases in boiling point 

over the additive values for each base/acid pair studied (Figs. C4 and C5) as a flmction of the 
difference in pKa values of the acid and base components in water [44]. The inventors use 
pKa = 14 - pKb values for the base when only pKb values have been tabulated. The pKa 
values for the individual components are given in the figiure legends. 

1 0 Fig. C8 illustrates the correlation of the excess boiling point (determined at tlie 1 : 1 

composition) with the difference in aqueous soliition pICa values for the component Bronsted 
acids and bases of the respective ionic liquids. The A Tb value is determined as the difference 
between the megam-ed boiling point and the value at 1 :1 of the linear connection between 
pure acid and pure base boiling points. Note the very large excess boiling points extrapolated 

15 for the ionic liquids formed from the superacid HTf (open hiangles). These values could not 
be determined experimentally because of prior decomposition. 

Fig. C8 uses data for all acid/base combinations studied in this work for which the 
boiling points at 1 : 1 acid:base fall below any decomposition temperatiu^e. It is seen that four 
points fall precisely on the same line witiiin the uncertainty of determination while a fifth (for 

20 the case in which the difference in boiling point of acid and base components is the largest, 
hence the additive baseline the most dubious) faHs close to the line. As noted already for the 
case in which the value of ApKa is largest mvolving the strongest acid of all, the boiling 
point falls above the decomposition temperature as indeed the correlation plot Fig. C8 would 
predict. If we use the plot to estimate the un-measurable boiling point it seems compatible 

25 with the extrapolations of the two anns of the solution boiling points measured on either side 
of the stoichiometric ratio. Tliese suggest that in the absence of decomposition boiling would 
not occur before 450°C. Clearly the salt of a -picolinium triflate should be regarded 
unequivocally as an ionic liquid. 

Tm-ning to anotlier measm-e tlie inventors examine the conductivity of the ionic liquid 

30 formed by tlie proton transfer relative to its fluidity as in Fig. CI . It is recalled iliat the ideal 
line is obtained on the basis that ions liave mobilities that are determuied only by the 
viscosity of the medium and that the number of ions present in the equivalent volume is that 
indicated by salt composition (i.e. all ions contribute equally) [21, 45]. The ideal line 
position is fixed from dilute solution data where the ions are remote from one another and the 
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Stolces-EiBSteiii and Nemst-Einstein relations are well obeyed, Due to the inevitability of 
inter-ionic friction in an ionic liquid some degree of departure must be expected. The 
deviations from the Nerast-Einstein equation predicted by theory [46] will cause 
experimental points to fall below the dilute solution limit. The closer to the ideal line the data 
5 for a given salt is found to lie, the more ideal it may be considered. 

After conversion of the specific conductivity a data of Fig. C4 to equivalent 
conductivities A and the Idnematic viscosity v data (in centistokes) of Fig. C5 to dynamic 
viscosity ij data (in centipoise), using A = V^a and 7 = v/3 . Wliere Ve is the equivalent 
volmiie and p is tiie density, the data for the two series of salts (formed at 1:1 stoichiometry) 

10 are plotted in Fig. C9. 

Again one sees that in a given series with common base the salts with the largest 
difference in aqueous solution pKg values, propylammonium trifluoroacetate and a - 
piciliuium Inflate, are the ones that conform most closely to tlie Walden rule with ideal 
A/t?"' value. Indeed tliey lie signiiicanfly closer to the ideal line flian do that data for one of 

15 the collection of aprotic salts recently described [37, 47] the tetrafluoroborate salt of a 
quaternary ammonium salt. Based on its aprotic character diis salt would be expected to 
yield a more typical ionic liquid than the proton transfer salts. 

Fig. CIO shows deviations from the "ideal" Walden behavior for ionic liquids plotted 
against ApKa values for the component Bronated acids and bases of the respective ionic 

20 liquids. Clearly case with small pKa values cannot be classed as ionic liquids. Wlien ApKa 
is greater than ca. 10 no difference can be observed between proton transfer ionic liquids and 
aprotic ionic liquids by their transport behavior. 

The inventors test tlie Walden ideality relation more quantitatively in Fig. CIO, There 
they plot the interval between the experimental Walden plot for each liquid and the ideal line, 

25 AW measured at a fixed value of log 77 against the differences in aqueous solution acid and 
base ApKa values, as used in Fig. CIS. Here again a surprisingly good (inverse) coirelation 
is found. Fig, C9 and Fig. CIO together show that when the aqueous ApKa value is greater 
than about 10 the difference between the positions of the Walden plot for the proton transfer " 
salt and for salts where proton transfer is not a possibility has vanished. 

30 Above, the inventors have made successful correlations of the salt-like chai'acter of 

proton transfer salts at two rather different temperatures - the boiling point in the first 
instance (in Fig. C 8) and a midrange isoviscous point in the second (Fig. CIO. There remains 
the evaluation at low temperatures that can be made tentatively in terms of the excess glass 
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temperatures ATg. ATglilce A Tt is assessed as the difference between the measui'ed Tg at 
the stoichiometric salt composition and the additive value at the same composition. The 
excess Tg is shown as a function of A pK^ in Fig. CI 1 . It is subject to much larger scatter 
than the others implying that other important factors enter uito the determination of the glass 
5 temperature as is known from earlier work. 

Comparable increases in Tg due to proton transfer 57K were reported long ago for the 
case of hydrozine (8.1)+ formic acid (3.75) [48] for which ApKa is 4.35. The conductivity of 
the 1 : 1 solution in this system (wliich is liquid at 35°C but does not exist as a distinct 
crystalline solid) is the highest ever measured for an ionic liquid [20, 49] probably due to the 

10 very low value of Tg for this case (-11 5°C [48]. 

2. Thermodynamics of ionic liquid formation 

From the conipaxisons in Figs. OS and C9 it can be seen that the Walden rule criterion 
is less discriminating between ionic hquids formed by proton transfer than the vapor pressure 
criterion. Two Hquids tliat appear equally ionic by the Walden rule criterion can be 

1 5 distinguished one firom the other by tlie boihng point elevation criterion. Tliis section 

discusses briefly the thermodynamic reason for this distinction endnotes that it also provides 
a basis for distinguisliing apiotic from protic salts. 

The ionic liquid can be thouglit of as tlie result of a proton "faUiag" from a quantized 
energy level on the acid molecule (called an "occupied" level after Gumey [24]) into a 

20 previously unoccupied or "vacant" level (also quantized) on the base to form the protonated 
cationic species as illustrated m Fig. CI 2. 

hi Fig. C12 fi-ee energy levels G for protons on acid/conjugate base pairs follow 
Gumey [24] . The gap between levels measures tlie free energy of proton transfer at the 
stoichiomehic composition. The larger the gap die smaller the Boltzmami probability of 

25 reformation of the original molecular pair at any given temperature, hence the smaller the 
vapor pressure over the ionic liquid at ambient pressure. At the boiling point the sum of the 
two molecular partial pressiu:es reaches 1 atm. 

The fact that the reverse proton transfer can yield two new species witliin the ionic 
hquid provides a thennodynamic (entropic) drive to generate vapor. This must ultimately 

30 win out as temperatm-e increases because of the T A S component of the total fi*ee energy 
change. The question is only whether the boiling point (at wliich the sum of the two 
molecular partial pressures reaches 1 atm.) will be reached before decomposition renders it 
irrelevant. The equilibrium involved in the boiling is of the simple "two-state" variety, and 
should be preceded by a rise in heat capacity. The excess heat capacity of a two-state system 
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is given by A Cp = R( A H/RXf X(l-X) where X is the fraction of protons that have been 
excited into high energy sites at temperature T and AH is the enthalpic component of the free 
energy gap. X itself depends on both the enthalpy and entropy terms in tlie free energy of 
proton ti-ansfer represented in Fig. 12 by tlie free energy gap between the two levels, whether 
5 or not the rise in heat capacity will be easily detected will depend on tlie value of tlie A S 
itself is determined largely by differences in vibration frequencies in the molecules and ions 
and in tlie Hquid quasi-lattice when the proton transfer occurs. Generally this heat capacity 
increase will occur over too wide a temperature range to be detected without quantitative heat 
capacity measm-ements. 
10 For aprotic ionic liquids the corresponding exchange between anion and cation 

species would involve the transfer of allcyl groups lil<:e -CH3 and -C2H5 ratlier than protons. 
This is a much more energetic process which is usually pre-empted by other decomposition 
modes. 

3 . High temperature protonic acids 

15 A potentially unportant aspect of this study concerns the demonsfrated general 

existence of Mgh-temperature-stable, proton-rich, ionic Hquids. Fhstly it is noted that the 
stabilization of proton-carrying dianions in tlie presence of wealc field cations has been 
reported before. The existence of HCI2" as a stable anionic species with Ufetime long with 
respect to the NMR time scale was demonstrated spectroscopic ally m some of the early ionic 

20 liquid work [50] . More recently the diflnoride anion which is well known in inorganic 
chemistry has been the subject of several ionic liquid studies [51, 52]. In principle such 
anions could serve as the proton-transporting media in liigh temperature fuel cells. The 
stability of di-anion stoichiometries is best seen in Fig. C4 in which the maximum boihng 
point is exliibited not at the 1; 1 composition but at the 2:1 acidrbase composition. The 

25 stabiUty of the AHA' anion derives from the existence of a sti'ong hydrogen bond between the 
anion and the additional molecule of acid. This bond is strong enough in the case of HF2' tliat 
the anion forms even m the presence of alkali cations. With anions less electronegative than 
F" the bond can form only when the cation exerts too weak an electric field to confrol the 
anion orientation. 

30 In future work the mventors intend to characterize these species by their proton NMR 

spectra and their 0-H vibration frequencies. For the moment the inventors comment on the 
properties of the solutions containing them and the properties they exhibit relative to tliose of 
the stoichiometric salt compositions. 
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la Fig. C13 is shown the conductivities of tlie solutions of two of these systems. Fig. 
13 plots conductivity isotherms for binary solutions of the two acid-base pairs showing 
conductivity minim a at the stoicliiometric compositions at which the glass temperatures 
maximize (see Fig. C3). High conductivities are realized in acid and base-rich compositions 
5 until decreasing ionic concentrations become dominant. Both systems have the same base, 
a -picoluie, but the acids differ greatly in strength. lu one case tiifluoracetic acid, the ApKs 
value is 7.3 units and the boiling point at the 1:1 stoichiometry is easily measured, ITS^C. In 
the second case triflic acid, the ApKa value is ca. 20 and the boiling point cannot be 
observed. The conductivities however are not so different because although the ionicity of 

10 the tiiflate salt is high in consequence of its stronger proton transfer the concomitantly higher 
Tg renders the ion mobihties smaller. The foiiner is evidently the most important because the 
triflate salt has the higher conductivity. Since it also has the lower vapor pressure it is of tlie 
two the ionic liquid of preference if conductivity is an important consideration. However, if 
fluidity should be an important consideration, the trifluoroacetate IL may be the more 

15 desirable medium. 
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Glossary 



BMI 


1-n TDUtyl-3-methyiiimdazolimn 


DMAK 


dimethylaninioniitiii nitrate 


EA 


ethylammoniiuii 


BAN 


ethylaranioiiimn nitrate 


EAH2PO4 


ethylaniinoiiimn diliydi'ogenpliosphate 


EAHSO4 


ethylanmiommn iiydrogensulfate 


EMI 


1 -ethyl-B-methylimidazolium 


Fm 


formate 


HOEA 


liydroxyeihylaiuniotiiuni 


HOEAN 


hydroxyetliylammonimn nitrate 


HTFAc 


trifluoroacetic acid 


MA 


metliylaminoniiim 


MAN 


metliylammoiiimn nitrate 


MOENM2E 


metlioxyefhyl dimethyl ethyl ammonium 


MOMlsMaE 


methoxymetliyl dimethyl efliyl ammonimn 


MOPA 


methoxypropylammonium 


aPci 


a -picoline 


TFAc 


trifluoroacetate 


TFSI 


bis(trifluoromethanesulfonyl)iniide 


Tb 


boiling point 


Tc 


temperature of devitrification 


Tdec 


fliemial decomposition temperature 


Tg 


glass fraiisition temperature 


Ti 


liquidus temperature 
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We claim: 

1 Al. A fiiel ceU having at least two electi-odes and an electi-olyte having at least one 

2 constituent comprising at least one proton transfer salt. 

1 A2. The fiiel cell according to claim Al , wherein the at least one proton transfer 

2 salt is etliylammoninm nitrate. 

1 A3 . The fiiel cell according to claim Al , whea-ein tlie at least one proton transfer 

2 salt is dimethylammonimn nitrate. 



1 A4. The fuel cell according to claim Al , wherein the at least one proton transfer 

2 salt is ethylanunoninm formate. 

1 A5. The fliel cell according to claim Al, wherein the at least one proton transfer 

2 salt is a room temperatui-e (25°C) stable liquid. 

1 A6. The fiiel cell according to claim A 1 , wherein the at least one proton transfer 

2 salt has a conductivity of at least substantially lOmScm"^ at room temperature (25°C). 



1 A7. The fiiel cell according to claim A6, wherein the at least one proton ti-ansfer 

2 salt has a conductivity at room temperalm-e (25°C) of at least substantially 30mScm"^ . 

1 AS. A fuel cell having at least two electrodes and an elecbrolyte comprising at least 

2 one ionic liquid. 

1 A9. The fuel cell according to clahnAS, wherein the ionic liquid is chosen firom 

2 the group consistuig of one or more of: 

3 1, etliylaimnonium formate, 

4 2. dimethylammonimn nitrate, 

5 3, methoxyporpylammoniirai formate, 

6 4. ethylaramonium biflouride, 

7 5. methylamoniiim nitrate, 

8 6. dimethylaimnonium biflouride, 

9 7. ethylammouium niti-ate, 

10 8. methylammonimn biflouride, 

11 9. dimethylarmnonimn biflouride, 
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12 


10. 


ethylaimnommibis(trifLotiromBtba!iesiilfonyl)iimde, 


13 


11. 


ethylamomum trifloiiroacetate, 


14 


12. 


hydroxyetliylarainomiim nitrate. 


15 


13. 


hydroxyethylaramonium formate. 


16 


14. 


hydroxyethylammoniimi BF4, 


17 


15. 


hydioxyethylamiuoiiimabis(trifloitromethanesulfonyl)irnid, 


18 


16. 


methoxypropylanunonium nitrate. 


19 


17 


methoxypropylammoiiiimi formate, 


20 


18. 


ethylamaiomiraidiliydrogenphosphate, and 


21 


19. 


ethiylarnmomumliydiogensulfate. 



1 AlO. The fuel cell according to claim Al , wherein the proton teansfer salt is at least 

2 one of a neutral proton transfer salt and an acid proton transfer salt. 

1 Al 1 . The fiiel cell according to claim Al 0, wherein the neutral proton transfer salts 

2 have at least one of the ions HSO4" and H2PO4". 

1 A12. The fiiel cell according to claim AlO, wherein at least a constituent of the 

2 electi-olyte is a bisuUate. 

1 Al 3 . The fiiel cell according to claim Al , wherein the electrolyte fiirtlier includes a 

2 minor constituent that is an involatile base of pKs value intermediate between those of an 

3 acid and a base maldng up the salt 

1 A14. The fuel cell according to claim Al, wherein the at least one constituent is 

2 ethylammonium hydrogensulfide doped witli an involatile base. 

1 A15. The fiiel cell according to claim Al 4, wherein the base is imidazole. 

1 Al 6. The fiiel ceU according to claim Al , wherein the at least one constituent is 

2 ethylainmoniirai nitrate doped with an involatile base. 

1 A 1 7 . The fiiel cell according to claim Al 6, wherein the base is imidazole. 

1 Al 8. The fiiel cell according to claim A5, wherein the electrolyte is substantially 

2 free of solvent. 
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1 A19. The fuel cell according to claim Al , wherein the at least one proton transfer 

2 salt is a neutral salt. 

1 A20. The fuel cell according to claim Al, wherein the at least one proton transfer 

2 salt is one of a dianionic ionic liquid and a normal ionic Hquid. 

1 Bl . A method of making a fliel cell comprising: 

2 (a) providing at least a pair of electrodes, 

3 (b) providing an electrolyte including: 

4 (i) combining an acid HA with a base B to form an ionic hquid 

5 electrolyte by proton hansfer fi'ora tlie acid to tlie base. 

1 B2. The method according to claim Bl, wherein the acid H is ethylamine, the base 

2 is HNO3 and the electrolyte is efliylammonium nitrate. 

1 B3. The metliod of maldng a fuel cell comprising: 

2 (a) providing at least a pair of electrodes, 

3 (b) providing an electrolyte having at least a constituent chosen from the 

4 group including one or more of: 



5 


1. 


etliylammonium formate. 


6 


2. 


dimethylanunonium nitrate, 


7 


3. 


methoxyporpylanimonium formate, 


S 


4. 


etiiylammoEiimn biflouride. 


9 


5. 


methylamonium nitrate. 


10 


6. 


dimethylanmionium biflouride. 


11 


7. 


etliylammonium nitrate. 


12 


8. 


methylammonium biflouride, 


13 


9. 


dimethylantmonium biflouride, 


14 


10. 


etliylammonium bis(lriflouromethanesulfonyl)iinide. 


15 


11. 


etiiylamoniura triflouroacetate. 


16 


12. 


hydroxyethylammomum nitrate, 


17 


13. 


hydroxyethylammonium formate. 


IS 


14. 


hydroxyethylannnonium BF4j 


19 


15. 


hydroxyethylammomum bis (triflom-omefhanesulfonyl)iimd, 


20 


16. 


methoxypropylammonium nitrate. 
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21 17 methoxypropylammoiiiuin formate, 

22 18. ethylaniraoniumdihydrogenphosphate, and 

23 19. ethylammoniumhydrogensulfate. 

1 CI . A fuel cell having at least two electrodes and an electrolyte compiising a 

2 protic component having a non-protic ionic liquid and an acid. 

1 D 1 . A fiiel cell having at least two electi-odes and an electrolyte comprising a di- 

2 anion of the form [AHA], where A represents an anion, the pair held together by hydrogen 

3 [H] bonds. 

1 EL A fiiel cell having at least two electrodes and an electrolyte comprising at least 

2 in part a rotator phase salt. 

1 E2. The fuel cell according to claim El, whereui the electrolyte is chosen firora the 

2 group consisting of ethylammonium nitrate, dimethylanimordum nitrate and 

3 methylaimiioniiun nitrate. 

1 F 1 . A fuel cell having at least two electrodes and an electrolyte comprising at least 

2 inpartsoHd>3H4HF2. 

1 Gl . A fiiel cell havmg at least two electrodes and an electrolyte comprising at least 

2 inpai-t[Me2NH2][HF2]. 

1 HI . A fuel cell having at least two electrodes and an electrolyte comprising a non- 

2 coiTosive proton-transfer ionic Hquid. 

1 H2. A fuel cell havmg at least 1-wo electrodes and an electrolyte, the cell being the 

2 type H2(g)/electrolyte/Os(g), whereui at least a constituent of the electrolyte is chosen from 

3 the group consisting of ethylammonium nitrate, dimethylammonimn nib-ate and 

4 methylammonion nitrate. 

1 11 . A fuel cell having at least two electi-odes and an electrolyte having at least one 

2 constihient comprismg a neutral ionic liquid. 

1 XI . A fiiel cell having at least two electrodes and an electrolyte at least one 

2 component of which is a hquid acid salt of stoichiometry XAHA, where XA is 

3 dimethylanunonium nitrate. 
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X2. The fiiel cell according to claim XI, wherein the HA is HNO3. 
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AMENDED CLAIMS 

[Received by the International Bureau on 21 December 2004 (21.12.2004) 
original claims 9,14, 23 and 31 amended] 

1 LA fael cell having at least two electrodes and an electrolyte having at least one 

2 constituent comprising at least OEe proton traaisfer salt 

1 2. The fuel cell according to claim I , wherein the at least one proton transfer salt 

2 is ethylammonitim nitrate, 

1 3 . The fUel cell according to claim 1 , wherein the at least one proton transfer salt 

2 is diraethylammonium. nitrate. 

1 4. The fael cell according to claim 1 , wherein the at lease one proton transfer sah 

2 is ethylammonium formate. 

1 5 . The ftiel cell according lo claim 1 , wherein the at least one proton transfer salt 

2 is a room temperature (25°C) stable liquid. 

1 6. The fuel cell according to claim 1 , wherein the at least one proton transfer salt 

2 has a conductivity of at least substantially lOmScm'' at room temperature (25°C). 

1 7. The fuel cell according to claim 6, wherein the at least one proton transfer salt 

2 has a conductiviiy at room temperatitre (25''C) of at least substantially SOmScm"'. 

1 8. A fuel cell having at least two electrodes and an electrolyte comprising at least 

2 one ionic liquid. 

1 9. The fuel cell according to claim S, wherein the ionic liquid is chosen &om the 

2 group consisting of one or more of: 



3 


(a) 


ethylaimnonium formate, 


4 


(b) 


dimethylammomum nitratej 


5 


(c) 


methoxyporpylamniom'um formate. 


<3 


(d) 


ethylammomura biflouiide, 


7 


(e) 


methylammonium nitrate, 


S 


(f) 


dimethylammoniuan biflouride. 


9 


(g) 


ethylammonium nitrate, 


10 


(h) 


methylammonium biflouride, 


11 


(i) 


dimetbylammonium biflouiide, 
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12 


0') 


ethylainmomumbis(trijflouromethanesulfoiiyl)iinide, 


13 


(Jc) 


ethylainoiiium triflouroacetate. 


14 


(1) 


hydroxyethylstEninoriiuni ijitrate, 


15 


(m) 


hydroxyethylammonium foimaTe, 


16 


(n) 


hydroxyethylanurLoiuum BF4> 


17 


(o) 


hydroxyethylamnioniiim bis(trif]ioaconiethanesulfonyl)3raid, 


18 


(P) 


methox>i)ropylaiiiinomiim nitrate, 


19 


(q) 


methoxypropylammoiiium fonnate, 


20 


(r) 


etiiylatmnoniumdjliydrogenphospliate, and 


21 


(s) 


ethylammonimnhydrogensulfate. 



1 10, The fuel cell according to claim I , wherein the proton transfer salt is at least 

2 one of a neutral proton transfer salt and an acid proton transfer salt. 

1 11. The fiiel ceU according to claim 10, wherein ibe neutral proton transfer salts 

2 have at least one of the ions HSO4" and H2PO4". 

1 12. The fiael cell according to claim 10, wherein at least a constituent of the 

2 electrolyte is a bisulfate. 

1 13. The fixel cell according "to claim 1, wherein the electrolyte further includes a 

2 minor constituent that is an involatile base of pKa valiie intermediate between those of an 

3 acid and a base making up the salt 

1 14. The fuel cell according to claim 1, whearein the at least one constituent is 

2 etliylammonium hydrogensulfate doped with an involatile base. 

1 15. The fiiel cell according to claim 1 4, wherein the base is imidazole, 

1 1 6. The fuel cell according to claim 1, wherein the at least one constituent is 

2 ethylarmnonium nitrate doped with an involatile base, 

1 17. The fiiel cell according to claim 1 6, wherein the base is imidazole. 

1 1 8. The fuel cell according to claim S, wherein tlie electrolyte is substantially free 

2 of solvent, 
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1 1 9. The jfliel cell according lo claim 1 , wherem the at least oae proton Transfer salt 

2 Is a neutral salt. 

1 20. The fuel cell accordiag lo claim 1 , wherein the at least one proton transfer salt 

2 is one of a dianioiiic ionic liquid and a normal ionic liquid. 

1 21 . A method of making a fuel cell comprising: 

2 (a) providing at least a pair of electrodes, 

3 (b) providing an electrolyte including: 

4 (i) combining an acid HA witli a base B to form an ionic liquid 

5 electrolyte by proton transfer from the acid to the base, 

1 22. The method according to claim 21, wherein the acid H is ethylamine, the base 

2 is BNOi and the electrolyte is ethylammonium nitrate. 

1 23. The method of making a fuel cell comprisLQg: 

2 ' (a) providing at least a pair of electrodes, 

3 (b) providing an electrolyte having at least a constituent chosen from the 



4 


group including one or more 


of: 


5 


(1) 


ethylammonium formate. 


6 


(2) 


dimethylammoniimi nitrate. 


7 


(3) 


methoxyporpylammoninm formate, 


S 


(4) 


ethylammonium biflouride, 


9 


(5) 


methylammoniiim nitrare, 


10 


(6) 


dimethylammonium biflouride, 


11 


0) 


ethylammonium nitrate. 


12 


C8) 


methylarmnonium biflouride, 


13 


<9) 


dimethylammonium biflouride. 


14 


(10) 


ethylammonium bis(triflouromethanesulfonyl)imide. 


15 


(11) 


ethylamonium triflouroacetate. 


16 


(12) 


hydroxyethylammonium nitrate, 


17 


(13) 


hydroxyethylammonium formate. 


18 


(14) 


hydroxyethylammoniuTn BF4, 


19 


(15) 


hydroxyethylairraiDniumbis(triflouramethanestilfonyl)imid, 


20 


(16) 


methoxypropylammonium nitrate. 
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2; 



2] 



22 



(17) metlioxypropylainmonium fonnate, 

(18) efliylaninioniimadihydrogenpljosphate, and 

(19) etiiylaiiimomutahydiogBnsulfate, 



24. A fuel cell having at least two electrodes and an electrolyte comprising a 
protic component having a non-protic ionic liquid and an acid. 



1 25. A fliel cell having at least two electrodes and an electrolyte comprising a di- 

2 anion of the form [AHA], where A represents an anion, tlie pair held together by hydrogen 

3 [HJ bonds. 

1 26. A fuel cell having at least two electrodes and an electrolyte comprising at least 

2 in part a rotator phase salt. 

1 27. The fuel cell according to claim 26, wherein the electrolyte is chosen from the 

2 group consisting of efhylammonium nitrate, dimethylanunoniura nitrate and 

3 methyiammonium nitrate. 

1 28, A fuel cell having at least two electrodes and an electrolyte comprising at least 

2 in part sohd NHjHFa- 

1 29. A fuel cell having at least two electrodes and an electrolyte comprising at least 

2 in part [MejKHj] [HFj]. 

1 30. A fiiel cell having at least two elecffodes and an electrolyte compiisiug a non- 

2 corrosive proton-transfer ionic liquid. 

1 3 1 . A fuel cell having at least two electrodes and an electrolyte, the cell being the 

2 type H2(g)/electrolyie/Os(g), wherein at least a constituent of the electrolyte is chosen from 

3 the group consisting of ethylammoramn nitrate, dimethylammonium nitrate and 

4 methylammonium nitrate. 

1 32. A fuel cell having at least two electrodes and an electrolyte havmg at least one 

2 constituent comprising a neutral ionic liquid. 

1 33 . A fuel cell having at least two electrodes and an electrolyte at least one 

2 component of which is a liquid acid salt of stoichiometry XAHA, where XA is 

3 dimethylainmonium nitrate. 
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34. The fuel cell according to claim 33, wherein the HA is HNO3. 
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